The extent of within-species genetic variation across the diversity of animal life is a fundamental but largely unexplored problem in ecology and evolution. The neutral theory of molecular evolution predicts that genetic variation scales positively with population size. However, the genetic diversity of mitochondrial DNA, a prominent marker used in DNA barcoding studies, shows very little variation across animal species. Here, we report an unprecedented case of extreme mitochondrial variation within natural populations of two species of chaetognaths (arrow worms). We determined that this diversity is composed of deep intraspecific mitochondrial lineages within single populations that could be as divergent as human and newt. This mitochondrial diversity is the highest ever reported in animals without evidence of cryptic speciation or allopatric divergence as supported by nuclear evidence. We sequenced 54 complete mitogenomes revealing gene order rearrangements between these intraspecific lineages. Such structural differences have never previously been reported within single species. We confirm that this divergence was not driven by positive selection, and conversely show that these lineages evolved under purifying selection, consistently with neutral expectations. Our findings question the generally accepted narrow range of genetic variation in animal mitochondria and argue for a reappraisal of DNA barcoding techniques. Furthermore, extreme levels of mitogenomic variation in chaetognaths challenge classical views regarding mitochondrial evolution and cytonuclear co-evolution.
Introduction
Genetic diversity estimates provide information about a species' population history, dynamics, and adaptive potential (e.g. [1] [2] [3] ). Mitochondrial genes have been widely used to characterize natural populations at the molecular level, mostly because of technical ease-of-use considerations such as clonality and high mutation rate [4] . In particular, the DNA barcoding approach has propelled the use of mitochondrial gene fragments, such as Cytochrome Oxidase 1 (Cox1).
The combination of strong interspecific divergence and generally low levels of intraspecific variation, also known as the barcoding 'gap', makes such markers an essential tool for species identification [5] . Many observations of high levels of mitochondrial divergence have consequently been interpreted as evidence of cryptic speciation, the distinct genetic entities being often, but not always, associated with previously overlooked geographic, morphological, or reproductive boundaries [1] .
The observation that the range of genetic variation does not scale with population size as predicted by the neutral theory of molecular evolution was referred to by Lewontin as the 'paradox of variation' [6, 7] . This paradox is particularly manifest for animal mitochondrial diversity levels, which show surprisingly little variation across species [8] . This has been interpreted as the consequence of pervasive positive selection [8] , genetic hitch-hiking [9] , or as the result of an inverse correlation between population size and mutation rate [10] . Similarly, mitochondrial transplantation experiments have demonstrated that the cyto-nuclear interactions in respiratory complexes are an important factor limiting diversity in mitochondrial genes [11, 12] . Nevertheless, species with large population size are expected to simultaneously show high genetic diversity and strong purifying selection, a combination that has never been observed in nature for mitochondria [13] . However, most of the data gathered to assess mitochondrial evolution in animals has come from a subset of well-studied animal groups, such as mammals and insects [8] .
The diversity of oceanic animals and their genetics remain very poorly characterized [3, 5] .
Chaetognaths are an enigmatic marine phylum, which possesses a unique combination of morphological, developmental and genomic characters. They occupy a remarkable phylogenetic position among bilaterian animals as an early protostome lineage [14] [15] [16] [17] . They also represent a major planktonic group and play important roles in marine food webs as the primary predators of copepods [18] . The first papers examining the genetics of planktonic chaetognaths reported high levels of diversity and significant population structuring, but also revealed unusual patterns of mitochondrial evolution [19, 20] . In this study, we focus on single populations of a benthic (Spadella cephaloptera) and two planktonic (Sagitta elegans and Sagitta setosa) chaetognaths.
We intensely sampled these populations to characterize mitochondrial and nuclear diversity and we sequenced whole mitochondrial genome in a large number of in individuals. We show that extreme levels of mitogenomic variation can exist within species without apparent evolutionary consequences.
Results (a) Extreme mitochondrial diversity in two chaetognath species
We uncovered extreme levels of mitochondrial diversity in distinct natural populations of the species Spadella cephaloptera and Sagitta elegans, two members of Chaetognatha (arrow worms). We conducted extensive genotyping for several mitochondrial markers (Cox1, Cox2 and 16S) of individual chaetognaths sampled at single geographic localities in Sormiou (France) and Gullmar fjord (Sweden) (Table 1, Figure S1 ). We found that respective nucleotide diversities (π) for Cox1 of Spadella cephaloptera (N=25) and Sagitta elegans (N=107) were 0.14 and 0.18. In both species, phylogenetic analysis of individual mitochondrial genes revealed that this diversity is distributed across 8 to 11 highly divergent lineages, with more than 10% uncorrected sequence divergence (Figure 1 and Figure S2 ). However, we did not detect such high levels of mitochondrial nucleotide diversity in a third species, Sagitta setosa (N=54), which is considered a closely related species to Sagitta elegans, and was sampled at the same location in Gullmar fjord (Table 1) .
We sequenced mitochondrial gene fragments from >180 individual chaetognaths, but never observed consistent double Sanger chromatogram peaks, which would be indicative of multiple mitochondrial copies [21] or nuclear pseudogenes [22] . We further characterized these lineages by sequencing complete mitochondrial genomes for representative individuals in all three species. We amplified by PCR 54 whole mitochondrial genomes and all amplicons included the 13 genes typical of chaetognath mitochondrial genomes (see Methods). We also did not find any stop codons or frameshift mutations despite global nucleotide diversities of 0.29 and 0.21 in Spadella cephaloptera and Sagitta elegans, respectively (Table 1) . These multiple lines of evidence reject heteroplasmy and pseudogenization hypotheses as an explanation for the extreme levels of diversity observed here.
(b) Deep mitochondrial lineages do not represent cryptic species
We tested for the presence of cryptic species by comparing the patterns of mitochondrial divergence with those inferred from three nuclear markers: the variable ribosomal protein L36a intron ( Figure 1 ) and the more conserved 18S and 28S rRNA genes frequently used for species delimitation (Table S1 ). If deep mitochondrial lineages represent distinct, reproductively isolated, species, then we expect to see congruent divergence patterns across independently evolving loci. Conversely, we observed complete incongruence between the topologies obtained from mitochondrial and nuclear markers for both species (Figure 1) . In Spadella cephaloptera, nuclear intron sequences arrange in several clades, which each include individuals and alleles belonging to distinct mitochondrial lineages (Figure 1) . In Sagitta elegans, we found significant levels of recombination in the nuclear intron dataset, as would be expected for an interbreeding population of individuals (phi-test, p-value=0). Similarly, 18S and 28S loci show very little variation and no phylogenetic pattern (0 variable sites in S. elegans and 2.6% in S. cephaloptera, Table   S1 and Dataset S1). While these markers can show little variation between species in other groups, they exhibit significant interspecific divergence in chaetognaths and have thus have been extensively used to resolve intraphyletic relationships [23] [24] [25] . In sum, we considered three nuclear loci with varying evolutionary rates and none showed patterns of divergence congruent with the observed mitochondrial lineages in either of two species. Hence, we conclude that highly divergent mitochondrial lineages are present within interbreeding populations of Spadella cephaloptera and Sagitta elegans.
(c) Class-level divergence between intraspecific lineages
Mitochondrial gene trees for each species and their concatenation from 54 individual mitogenomes show congruent topologies as expected for a haploid, non-recombining genome (Dataset S2). We thus examined phylogenetic relationships and divergence using the complete set of mitochondrial protein-coding sequences along with existing mitogenomic data from other chaetognath species (Figure 2a ) [26] [27] [28] . To put mitochondrial divergence levels into perspective, we compared the phylogenetic distance between chaetognath mitochondrial lineages with those inferred between the main vertebrate groups (Figure 2b ) . We found that distances between mitochondrial lineages of Spadella cephaloptera and Sagitta elegans compare with those recovered within amniote and mammalian lineages, which diverged 312 and 170 Myr ago, respectively [29] . We assessed the maximum divergence dates compatible with these phylogenetic distances by performing molecular dating analyses. Using calibrations based on geological events (see Methods), we recovered an oldest putative origin of 80 and 180 Myr ago for the divergent intraspecific mitochondrial lineages in Spadella cephaloptera and Sagitta elegans, respectively ( Figure S4 ). These analyses predict a faster evolutionary rate in chaetognaths than in vertebrates (0.0059±0.0021 versus 0.0024±0.0011 substitutions per site per Myr), but are also compatible with a more recent origin of chaetognath lineages associated with an even faster mutation rate.
(d) Mitochondrial diversity values represent extremes across animals
We established that our nucleotide diversity estimates for two chaetognath species represent the highest values reported so far for any metazoan by surveying public databases for all available single-species population Cox1 datasets ( Figure 3 and Table S2 ). Sagitta elegans shows the highest level of synonymous diversity for a single species (π S = 0.646) followed by Spadella cephaloptera (π S = 0.476). Conversely, Spadella cephaloptera is the more variable species at the coding level (π N = 0.023) followed by Sagitta elegans (π N = 0.018). We find that both chaetognaths harbor more intraspecific variation than several established cases of extreme mitochondrial diversity driven by (micro-) allopatric divergence, such as the crustacean Tigriopus californicus (π S = 0.404) and the gastropod Cepaea nemoralis (π S = 0.418) [30, 31] .
(e) Within-species mitochondrial rearrangements
Sagitta elegans mitochondrial lineages not only exhibit extreme molecular divergence, but also contain striking structural rearrangements (Figure 4 ). Changes in gene order are commonly observed between species [26,28,32], but to our knowledge such rearrangements have never been described as part of the allelic diversity of a single natural population before. In Sagitta elegans, at least two lineages exhibit rearrangements compared to the standard gene order involving the genes Nadh1, Nadh2 and Cox3 in one case, and Nadh4L in the other (Figure 4a and 4b) . Structural changes in mitogenomes also affect the size and proportion of intergenic regions, which are highly variable between lineages, ranging from 8.3% in lineage H to 25.4% in lineage G.
Conversely, the fraction of non-coding DNA is remarkably stable within lineages with at most 3% variation (Figure 4a) (Table S4 ). These analyses consistently indicate that positive selection is not responsible for the divergence of mitochondrial lineages in Spadella cephaloptera and Sagitta elegans, instead, the low d N /d S values suggest that they have remained exposed to the influence of purifying selection during their evolution.
Discussion
We uncovered extreme mitochondrial diversity in single populations of the chaetognaths Spadella cephaloptera and Sagitta elegans and demonstrated that corresponding lineages are split by class-level molecular divergence and structural rearrangements. While cryptic speciation is a common explanation for such extreme mitochondrial divergence, we did not observe a pattern of divergence at any of the nuclear loci consistent with reproductive isolation. Moreover, the high number of observed mitochondrial lineages in both species (>8) would require a highly unlikely scenario of reproductive isolation followed by subsequent hybridization events. Moreover, this unlikely scenario would have to be independently repeated in both S. cephaloptera and S. elegans considered.
The mechanism by which highly divergent mitochondrial lineages have appeared and are maintained in these populations of arrow worms remains to be fully understood. By considering synonymous and non-synonymous rates of substitutions, we first ruled out that these lineages emerged through positive selection. The low or moderate d N /d S ratios recovered instead are indicative of a large population size (Table S4) [8, 13] . Since Spadella cephaloptera and Sagitta elegans are distantly related in the chaetognath tree (belonging to the orders Phragmophora and Aphragmorphora, respectively) and have very distinct ecologies (benthic and planktonic, respectively), this extreme mitochondrial diversity does not appear to be related to the population genetics of one particular species, and could represent a common condition in the phylum. Previous reports of high mitochondrial variation in other chaetognath species are consistent with this claim, even though these have generally been interpreted as evidence of cryptic speciation [37, 38] . We did not however recover such highly divergent mitochondrial lineages in the species Sagitta setosa, which indicates that the presence of such lineages is not an obligatory condition in the phylum. The reduced variation compared to other chaetognaths has previously been related to the fragmented, coastal populations of S. setosa, which probably suffered severe population bottlenecks during recent glacial periods [39] .
The presence of highly divergent mitochondrial lineages therefore fits theoretical expectations predicting that a large population size allows for the maintenance of ancestral polymorphisms [6, 7] . Hence, chaetognath mitochondrial diversity may be an exception to the 'paradox of variation' as our results challenge previous reports suggesting that the extent of mitochondrial variation is limited [8] . As pointed out by our molecular dating analyses, an ancient origin combined with fast mutation rates probably contributed to the evolution of divergent mitochondrial lineages in chaetognaths ( Figure S4 ). Such accelerated mutation rates could be related to the extreme reduction of chaetognath mitogenomes and their propensity to structural rearrangements [26] . Such a combination of extreme size reduction and accelerated mutation has also been observed in ctenophores [40] . The size reduction and peculiar architecture of animal mitochondrial genomes compared to other eukaryotes, such as green plants, has previously been attributed to the combined effect of genetic drift and accelerated mutation rates [41] . The processes that gave rise to the extreme mitochondrial diversity in chaetognaths could therefore be similar to those governing mitochondrial evolution in other metazoans, but only differ by the extent of mutation rate acceleration and population size.
Extreme levels of intraspecific mitochondrial divergence also imply that cyto-nuclear interactions at the respiratory complexes are much less constrained than originally thought [11] . Indeed, the interactions between mitochondrial and nuclear subunits should be robust enough to cope with multiple divergent mitochondrial lineages present in interbreeding populations of chaetognaths. Mitochondrial transplantation experiments originally demonstrated that cytonuclear interactions could be maintained between species, but were dramatically altered when divergence increased (e.g. to human and orang-utan), resulting in a decreased efficiency of respiratory processes. Similar effects were reported in hybrids between divergent Tigriopus californicus populations, which showed reduced respiratory fitness and altered gene expression [12, 42] . We hypothesize that chaetognaths cope with their high levels of mitochondrial divergence through an increased robustness in the interaction with nuclear subunits of oxidative phosphorylation complexes. Such a higher robustness could be achieved by adaptive amino acid changes in nuclear subunits or could derive from modifications in the respiratory subunit gene repertoire, for instance through gene duplication, a frequent process in chaetognaths [16] .
An important problem remains to determine whether chaetognaths constitute a unique case or whether extreme mitochondrial diversity is more common in animals. Many instances of high mitochondrial diversity have directly or indirectly been interpreted as evidence of cryptic speciation (for instance, see [43] [44] [45] [46] ). Some of these cases may be subject to reevaluation when investigated using nuclear loci. Alternatively, other reasons why similar cases of high mitochondrial diversity could have been overlooked may be that sequences from highly divergent individuals are simply not amplified through PCR-based approaches because of mismatches in the primer regions, or that strongly divergent sequences are discarded as contaminations or misidentifications. Our findings therefore prompt a reassessment of the classical DNA barcoding workflow, suggesting in particular that mitochondrial markers should not be considered without nuclear counterparts, and that extra attention should be paid to outliers and unsuccessful PCR amplifications.
Our results challenge established views of the amount of mitochondrial diversity that can be harboured within single species. An assessment of intraspecific mitochondrial diversity in other animal groups, particularly those with dynamic mitochondrial genomes, such as ctenophores, urochordates or brachiopods, may uncover other exceptions [6] . Until more of these hyperdiverse taxa are identified, chaetognaths represent a new and pivotal model to understand the molecular evolution of animal mitochondrial genomes.
Materials and methods (a) Animal sampling and genotyping
Individuals of the species Spadella cephaloptera, were collected from Calanque de Sormiou near Marseille (France) at shallow depth on Posidonia seagrass using a plankton net ( Figure   S1 ). Individuals of the species Sagitta elegans and Sagitta setosa were collected using a multinet on a single daytrip in the Gullmar fjord near Kristineberg (Lysekil, Sweden). All chaetognaths were identified under a microscope while still alive. Only individuals without food in their guts and without visible parasites were preserved and used for genetic analysis. (Table S1 ). Fragments of Cox1 and Cox2 genes were recovered for 107 and 108 individuals of Sagitta elegans and 54 individuals in S. setosa (Table S1) .
A fragment spanning the nuclear intron of the ribosomal protein L36a gene was amplified in 30
Spadella cephaloptera and the 37 Sagitta elegans individuals including all the individuals for which the entire mitogenome was sequenced. The primers employed were designed to specifically amplify L36a, one of the two ancient chaetognath specific duplicates of the L36 genes de-tected in S. cephaloptera [47] . Furthemore, for S. elegans and S. setosa fragments of 18S and 28S ribosomal RNA, and for Spadella cephaloptera of 18S ribosomal RNA were amplified using primers and protocols described in ref. [23] . All amplified fragments were sequenced using Sanger technology in both directions, and for the L36a intron of both species, and 18S and mitochondrial genes of Spadella cephaloptera, the fragments were cloned in pGEM-T easy (Promega) prior to sequencing. All primers employed are specified in Table S1 . All sequences were deposited in Genbank (see Table S1 for accessions).
(b) Sequencing of individual mitochondrial genomes
Long-range PCR amplifications of whole mitochondrial genomes were carried out for all three chaetognaths Spadella cephaloptera, Sagitta elegans and S. setosa.
In Spadella cephaloptera, two half-genome fragments (6-8kb) were amplified using specific primers located in 16S and Cox1 genes using the Accuprime Taq (Invitrogen) for five selected individuals. These fragments were purified using S.N.A.P. gel purification kit (Invitrogen) and subsequently cloned with Topo XL cloning Kit (Invitrogen). Plasmid DNA was prepared with Plasmid Midi Kit (Qiagen). These templates were sequenced using a primer walking strategy: 6 to 10 Sanger reads were iteratively carried out using custom designed primers from both extremities of the insert using a primer walking strategy using 6 to 10 Sanger reads in total.
In Sagitta elegans and Sagitta setosa, fragments spanning the entire mitochondrial genome were obtained for 37 and 12 individuals, respectively. The S. elegans individuals are representative of eight deep mitochondral lineages recovered in that species. Outward pointing primers were designed within the Cox1 or the Cox2 genes and used to amplify the mitogenome as a single amplicon using Phusion DNA polymerase (Thermo scientific) with cycling parameters adjusted for long products. PCR products were purified using QIAquick purification kit (Qiagen). These products were processed for shotgun sequencing using a Next Generation Sequencing approach at the Wellcome Trust Center for Human Genetics (Oxford). A unique library was built for each individual mitogenome using Nextera Kit (Illumina) from 30-70 ng of PCR product. Multiplexed libraries were then sequenced on a single Illumina MiSeq run. An average of 71,000 paired-end reads (150bp) was obtained for each fragment library allowing for a median 800× coverage per genome. After de-multiplexing, reads from each library were trimmed for low quality stretches using sickle (available at github.com/najoshi/sickle), then error-corrected and assembled with SPAdes (v2.5.0) using BayesHammer error correction and multiple k-mers 
(c) Annotation of mitochondrial genomes
For all mitogenomes, ORFs from all-three frames were searched for protein coding genes by tblastn using available chaetognath sequences as queries. Corresponding sequences were extracted, translated and aligned. Inspection of amino acid alignments and comparison with predictions available for other chaetognath species helped to define start codons and gene boundaries. In-frame nucleotide alignments were constructed from the validated amino acid analyses and subsequently used in further molecular evolution analyses. Similarly, non-coding genes (12S and 16S rRNA) were extracted based on similarity and gene borders defined using multiple alignments. Refined amino acid and nucleotide sequences were aligned back to each genome for annotation and determination of gene order (Figure 4) . (Table S4) .
(e) Survey of mitochondrial genetic diversity in metazoans
To explore the extent of mitochondrial genetic variation in metazoans, we searched the NCBI popset database for datasets corresponding to Cox1 gene fragments (keyword: Cox1, COI, CO1), including a single species and at least 10 sequences. We obtained 1581 records corresponding to 1079 species. We focused on the 437 datasets associated with a referenced publication (pmid) and we excluded datasets corresponding to cryptic species based on keyword search in abstract of papers (keywords: 'cryptic' and 'species complex'), and manual curation, yielding 329 datasets. We retrieved sequences from the corresponding datasets, and built a codon alignment based on the alignment of amino acid translation using Muscle. Distinct fragments of Cox1 were sometimes pooled in the same popset causing misalignment, in which cases we discarded the shorter fragments. We also discarded sequences including degenerate bases (e.g. 'N', 'Y' or 'R'). We computed nucleotide diversity statistics using the egg-lib library [51] and we selected the dataset showing the highest diversity in each species (Table S2) . We then verified the alignment and corresponding papers in the 50 datasets with highest levels of genetic diversity.
(f) Molecular dating analysis
To approximate divergence times and evolutionary rates, we conducted a molecular dating analysis using a concatenated amino acid alignment of all mitochondrial genes for both chaetognaths and several representative vertebrate species ( Figure S4 ). We set calibration points for vertebrates according to [57] . For chaetognaths, we specified the divergence of Aphragmophora and Phragmophora to range between 530 Myr and 250 Myr. 530 Myr corresponds to the age of the first unquestionable chaetognath fossil [58] , and 250 Myr represents the onset of Tethys ocean opening [59] . Given that this geological event matches the geographic distribution of several chaetognath species belonging to either Aphragmophora or Phragmophora, including Spadella cephaloptera, the divergence between the two classes most likely predates this event.
Similarly, we considered that the multiple lineages in S. cephaloptera must have diverged after 250 Myr because of the tethysian distribution of this species. Phylobayes was employed for molecular dating assuming a log-normal autocorrelated relaxed clock and a prior of 700 Myr with 200 Myr deviation on the age of the root [60] . Chains were run for at least 20,000 cycles and 5,000 were discarded as burn-in. wrote the paper.
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